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Spatially restricted epidermal growth factor receptor
(EGFR) activity plays a central role in patterning the
follicular epithelium of the Drosophila ovary. In mid-
oogenesis, localized EGFR activation is achieved
by the graded dorsal anterior localization of its
ligand, Gurken. Graded EGFR activity determines
multiple dorsal anterior fates along the dorsal-ventral
axis but cannot explain the sharp posterior limit of
this domain. Here, we show that posterior follicle
cells express the T-box transcription factors Midline
and H15, which render cells unable to adopt a dorsal
anterior fate in response to EGFR activation. The
posterior expression of Midline and H15 is itself
induced in early oogenesis by posteriorly localized
EGFR signaling, defining a feedback loop in which
early induction of Mid and H15 confers a molecular
memory that fundamentally alters the outcome of
later EGFR signaling. Spatial regulation of the EGFR
pathway thus occurs both through localization of
the ligand and through localized regulation of the
cellular response.
INTRODUCTION
The determination of cell fate by localized inductive signals is one
of the central paradigms of developmental biology. Such signals
typically provide positional information that, through induction of
changes in the transcriptional program, specifies a pattern of cell
fate in the responding tissue. The outcome of a given signal
depends on a number of factors, including the level or duration
of signaling and the context of the responding cell. Understand-
ing patterning therefore requires consideration of not only how
the signal is generated and distributed but also how it is inter-
preted by the receiving cell, which, in turn, can be influenced
by extrinsic factors, such as crosstalk with other signaling path-
ways, or by intrinsic factors generated during previous develop-
mental events (Rogers and Schier, 2011).Awell-characterizedmodel for patterning by a localized induc-
tive signal is the follicular epithelium of the Drosophila ovary,
which surrounds the developing oocyte and ultimately secretes
its eggshell. Spatially localized activation of the Drosophila
epidermal growth factor receptor (EGFR), a receptor tyrosine
kinase, has long been known to specify axial polarity in this tissue
and to induce a stereotyped pattern of cell fates (Berg, 2005;
Deng and Bownes, 1998; Nilson and Schu¨pbach, 1999; Van
Buskirk and Schu¨pbach, 1999). These fates are reflected in the
pronounced asymmetries exhibited by the eggshell, the most
prominent of which are the two respiratory appendages found
in the dorsal anterior region, and studies of mutations that affect
eggshell patterning have provided considerable insight into
mechanisms that regulate the EGFR pathway at a variety of
levels (Horne-Badovinac and Bilder, 2005; Wu et al., 2008).
Spatial and temporal regulation of EGFR activity in this system
is accomplished by the asymmetric localization of its ligand, the
transforming growth factor (TGF) a-like molecule Gurken (Grk),
which is secreted by the underlying oocyte (Neuman-Silberberg
and Schu¨pbach, 1996; Nilson and Schu¨pbach, 1999; Van
Buskirk and Schu¨pbach, 1999). During midoogenesis, Grk is
restricted to the dorsal anterior region of the oocyte and induces
EGFR signaling in the overlying follicle cells, defining the dorsal-
ventral (DV) polarity of the epithelium and ultimately specifying
multiple cell fates along this axis. These fates include the dorsal
midline domain and, just lateral to this region, the two dorsolat-
eral primordia that will give rise to the eggshell appendages
(Berg, 2005; Deng and Bownes, 1998; Neuman-Silberberg and
Schu¨pbach, 1996; Nilson and Schu¨pbach, 1999). Specification
of these multiple fates by this single signal can be explained at
least in part by the graded DV distribution of Grk: at the dorsal
midline the highest levels of Grk/EGFR signaling induce a
‘‘midline fate,’’ whereas lower levels slightly more ventrally
induce fates characteristic of the two dorsolateral appendage
primordia (Deng and Bownes, 1997; Boisclair Lachance et al.,
2009; Queenan et al., 1997; Zartman et al., 2009). Further
ventrally, cells receiving little or no Grk/EGFR signaling adopt a
default nondorsal fate. This EGFR signaling gradient, together
with anterior spatial input from the secreted signaling molecule
Dpp, engages feedback and feedforward loops that culminate
in the induction of the observed pattern of cell fate (BoisclairCell Reports 4, 791–802, August 29, 2013 ª2013 The Authors 791
Lachance et al., 2009; Peri and Roth, 2000; Yakoby et al., 2008;
Zartman et al., 2009).
However, whereas a simple gradient model in which high
levels of Grk specify dorsal midline fate and lower levels more
laterally specify appendage primordium fate can explain
patterning along the DV axis of the tissue, such a model is
not sufficient to account for the final pattern of the dorsal ante-
rior domain. Because Grk also exhibits a graded distribution
along the anterior-posterior (AP) axis (Chang et al., 2008;
Cheung et al., 2011; Goentoro et al., 2006; Pizette et al.,
2009; Zartman et al., 2011), such a model would predict that
graded Grk would also induce appendage primordium fates
posterior to dorsal midline fates, resulting in an overall horse-
shoe-shaped domain of appendage primordium fate (Cheung
et al., 2011; Pizette et al., 2009; Zartman et al., 2011). Instead,
the pattern exhibits a sharp posterior limit, suggesting that cells
posterior to this limit are unable to adopt an appendage primor-
dium fate despite being exposed to graded Grk. Consistent with
this interpretation, it has long been known that ectopic EGFR
signaling is unable to induce dorsal anterior fates in posterior
follicle cells (Queenan et al., 1997). A central element of this
patterning process is therefore the differential response of ante-
rior and posterior follicle cells to EGFR activation. This differ-
ence depends on early Grk/EGFR signaling (Peri and Roth,
2000; Queenan et al., 1997; Sapir et al., 1998), but how early
EGFR signaling alters the output of later EGFR signaling has re-
mained unknown.
Here, we show that EGFR signaling output is modulated in the
posterior follicle cells by expression of the T-box transcription
factors Midline (Mid) and H15, which are homologous to the
vertebrate Tbx20 protein (Qian et al., 2005). These factors
have been implicated in other cell fate decisions during devel-
opment but have not previously been associated with the
EGFR pathway (Buescher et al., 2004; Gaziova and Bhat,
2009; Leal et al., 2009; Liu et al., 2009; Qian et al., 2005, 2008;
Svendsen et al., 2009). Beginning with the characterization of
a mutant identified in a genetic screen, we show that follicular
epithelia lacking Mid and H15 exhibit a horseshoe-shaped
domain of appendage primordium fate and that loss of Mid
and H15 allows posterior follicle cells to adopt dorsal anterior
fates in response to ectopic activation of the EGFR signaling
pathway. These phenotypes suggest that Mid and H15 nega-
tively regulate the ability of cells in the posterior region of the
epithelium to respond to the posterior portion of the endogenous
Grk gradient. Consistent with this hypothesis, we demonstrate
that Mid and H15 are expressed in partially overlapping poste-
rior domains that coincide with spatial differences between the
mid and the H15 mid loss-of-function phenotypes, and that
ectopic anterior expression of either Mid or H15 is sufficient to
repress induction of dorsal anterior fates by endogenous Grk/
EGFR signaling. Finally, we show that the spatial cue that re-
stricts Mid and H15 to the posterior portion of the epithelium
is Grk/EGFR signaling itself. Together, these data show that
early EGFR activity in the posterior of the follicular epithelium in-
duces expression of Mid and H15, which, in turn, blocks dorsal
anterior fate induction by later EGFR signaling. Induction of Mid
and H15 expression thus confers upon cells a ‘‘molecular mem-
ory’’ of EGFR signaling, generating a prepattern that fundamen-792 Cell Reports 4, 791–802, August 29, 2013 ª2013 The Authorstally alters the outcome of later EGFR signaling. This negative
feedback allows a single signaling input to generate multiple
distinct outputs that are localized in space and time. Spatial
regulation of EGFR output thus cooperates with the restricted
localization of the ligand to generate a complex and reproduc-
ible pattern of cell fates.
RESULTS
Mutations in the F27 Locus Extend the Posterior Limit of
the Dorsal Anterior Domain
The F271 allele was selected from an EMS mutagenesis screen
(L.A.N., unpublished data) because mosaic females produce
eggshells with ectopic dorsal appendage material posterior to
the wild-type appendage region (see Figure 1C0 0, arrow). We
identified an independent F27 allele, F272, during the current
study (see Experimental Procedures). To further characterize
the phenotype of these mutant F27 alleles, we assessed the
expression pattern of the transcription factor Broad-Complex
(Broad), which at stage 10B of oogenesis is expressed in a highly
stereotyped pattern that identifies follicle cell fates associated
with dorsal appendage formation (Berg, 2008; Deng and
Bownes, 1997; James and Berg, 2003). The presumptive roof
cells of the dorsal appendage primordia, which will form the
roof of the epithelial tubes that produce the eggshell append-
ages, express high Broad levels (Figure 1A, arrows). These
‘‘high-Broad’’ cells can also be distinguished at this stage by
their reduced levels of the homophilic adhesion molecule Echi-
noid (Ed) (Laplante and Nilson, 2006) (Figure 1A0, arrows). The
cells dorsal and anterior to these primordia form a T-shaped
area expressing very low levels of Broad (Figure 1A, arrowhead);
this ‘‘no-Broad’’ region can be genetically separated into two
domains, which we refer to as the operculum (anterior) and the
midline (dorsal) regions (Berg, 2008; James and Berg, 2003; Boi-
sclair Lachance et al., 2009). We refer collectively to these fates
as the dorsal anterior domain. Outside of this domain, the ventral
and posterior regions of the follicular epithelium express inter-
mediate ‘‘basal’’ levels of Broad. Normal establishment of this
pattern leads to the production of an eggshell with two charac-
teristic dorsal appendages (Figure 1A0 0, arrows). In F271 or F272
mutant follicular epithelia, dorsal cells posterior to the two
appendage primordia, which would normally express basal
levels of Broad, exhibit ectopic high levels of Broad (Figure 1B,
arrow) and low levels of Ed (Figure 1B0, arrow), producing a
horseshoe-shaped appendage primordia domain. The AP
extent of this expansion, as measured by counting nuclei along
the dorsal midline that express high Broad levels at stage 10B, is
more pronounced in epithelia homozygous for F272 than F271
(3.2 ± 0.3 for F272, 1.5 ± 0.2 for F271, and 0 for wild-type).
Consistent with this change in follicle cell fate, F27 mutant
females produce eggshells with two dorsal appendages
connected at their base by extra appendage material (Fig-
ure 1B0 0, arrow). Analysis of F27 mosaic epithelia reveals that
this effect is cell autonomous (Figures 1C and C0, arrow), and
the eggshells produced by mosaic females exhibit nubs of extra
appendage material in the corresponding region (Figure 1C0 0,
arrow). F27 mutant cells located just posterior to the endoge-
nous midline domain (Figures 1D0–D0 0 0, arrow) express ectopic
Figure 1. Mutations in the F27 Locus Lead
to Ectopic Dorsal Anterior Fates
(A and A0) Wild-type expression of Broad and
Echinoid (Ed) in the dorsal follicular epithelium at
stage 10B. The high Broad (A, arrows) and low Ed
expression (A0, arrows) domains flank the dorsal
midline domain (‘‘no-Broad,’’ A, arrowhead).
(A0 0) Wild-type eggshell with two dorsal append-
ages (arrows).
(B–B0 0) Homozygous F272 follicular epithelia.
Ectopic dorsal anterior fates posterior to the no-
Broad domain create a U-shaped domain of high
Broad (B, arrow) and low Ed (B0, arrow). The re-
sulting eggs bear dorsal appendages fused at their
base by extra appendage material (B0 0, arrow).
(C–C0 0) Clones of F271 mutant cells marked by the
absence of NM (C). Dorsal anterior fates are
determined autonomously (C0, arrow) until a
certain posterior limit (C0, arrowhead). Eggshells
from F27 mosaic females exhibit dorsal nubs of
ectopic appendage material (C0 0, arrow).
(D–D0 0 0) Clone of F27 mutant cells marked by the
absence of GFP in a stage 11 egg chamber (D).
Mutant cells close to the endogenous midline
region have no Broad (D0, D0 0, arrow) and express
ectopic rhomboid-lacZ (D0 0, D0 0 0, arrow), a floor cell
fatemarker normally found adjacent to the roof cell
domains.rhomboid-LacZ, which marks the cells that will form the floor of
the appendage-forming epithelial tube (Berg, 2008; Dorman
et al., 2004), indicating that F27 mutant cells located posterior
to the normal dorsal anterior domain can acquire different dorsal
anterior fates, depending on their position.
These AP patterning defects can also be detected slightly
earlier, at stage 10A of oogenesis, by looking at the expres-
sion of an earlier marker, the homeobox-containing transcrip-
tion factor Mirror (Mirr). At this stage, the Broad pattern is
beginning to develop: the anterior T-shaped domain where
Broad levels are beginning to decrease can be detected (Fig-
ure 2A0, arrowhead), but the increased levels of Broad in the
presumptive appendage primordia are not yet visible (Fig-
ure 2A0, arrows). In these egg chambers, mirr displays a
graded expression (Zhao et al., 2000), detected by a mirr-
lacZ enhancer trap, that delimits the dorsal anterior domain
(Figure 2A0 0) (Ruohola-Baker et al., 1993). Examination of
F271 and F272 mutant epithelia at this stage reveals that the
length of the no-Broad domain along the AP axis is increased
(9.7 ± 0.3 cells for F272 and 8.1 ± 0.5 cells for F271) comparedCell Reports 4, 791–802to wild-type (7.5 ± 0.5 cells). The dorsal
anterior domain of high mirr-lacZ
expression is also extended toward the
posterior (Figures 2A0 0–2C0 0 0). Interest-
ingly, F272 mutant epithelia exhibit low
levels of ectopic mirr-lacZ expression
in the most posterior cells, whereas
this ectopic expression is more anteri-
orly restricted in F271 mutant epithelia
(Figures 2B0 0 0 versus 2C0 0 0, arrows).
Together, these observations documentthe posterior expansion of the dorsal anterior domain in F27
mutant epithelia and suggest that F272 may be a stronger
allele.
The F27 Locus Represses the Response to EGFR/Ras
Pathway Activation
The ectopic dorsal anterior fates observed in F27 mutant
epithelia are restricted to the area just posterior to the endoge-
nous appendage primordia domain; mutant cells in the ventral
or further posterior regions do not exhibit changes in Broad
expression (see Figure 1B). This spatial profile resembles the dis-
tribution of Gurken in the underlying oocyte, which at this stage
exhibits a graded localization with high levels in the dorsal ante-
rior region that decrease ventrally and posteriorly (Cheung et al.,
2011; Pizette et al., 2009). We therefore hypothesized that the
wild-type F27 locus might establish the normal posterior limit
of the appendage primordia by inhibiting the ability of posterior
follicle cells to respond to the Gurken that is present in the cor-
responding region of the underlying oocyte. Consistent with
this hypothesis, we found that the ectopic dorsal anterior fates, August 29, 2013 ª2013 The Authors 793
Figure 2. The Expanded Dorsal Anterior
Domain in F27 Mutants Is Established
before the Stereotyped Broad Pattern Can
Be Detected
(A–A0 0 0) A stage 10A egg chamber bearing nega-
tively marked wild-type clones (A) shows normal
downregulation of Broad in the midline and oper-
culum domains (A0, arrowhead) and wild-type
dorsal anterior expression of the transcription
factor mirr, as visualized by a mirr-lacZ enhancer
trap (A0 0). At this stage, the high Broad expression
in the appendage primordia is not yet visible
(arrows).
(B–C0 0 0) The midline (no-Broad) domain is
extended in F271 and F272 mutant epithelia (B, B0,
C, C0), as is the domain of high mirr-lacZ expres-
sion (B, B0 0, C, C0 0). Low mirr-lacZ levels are
detected posterior to this domain and are
detected further toward the posterior in F272
clones than F271 clones (compare arrow in B0 0 0
versus C0 0 0). Minor uniform linear adjustments to
brightness and contrast were made to the images
showing mirr-lacZ expression in order to empha-
size the presence or absence of low levels of
expression in the posterior region.
See also Figure S2.observed in F27 mutant epithelia are dependent on Ras activity
(data not shown).
This model also predicts that ectopic EGFR signaling in the
posterior region of a wild-type follicular epithelium would be un-
able to induce dorsal anterior fates, and that removal of F27
function should relieve this restriction. To test this hypothesis,
we expressed a constitutively active form of EGFR (ltop)
(Queenan et al., 1997) in positively marked follicle cell clones of
wild-type, F271, or F272mutant cells. In a wild-type background,
cells throughout the anterior region of the tissue are capable of
adopting a dorsal anterior fate in response to ltop expression
(Figures 3A–3A0 0, arrows; note ectopic midline fate in Figures
3A0). However, cells located more toward the posterior do not
respond, exhibiting basal Broad levels and lacking detectable
ectopicmirr-lacZ expression (Figures 3A0 and 3A0 0, arrowheads).
Although we occasionally see a small degree of nonautonomy,
which we attribute to some leakiness of the GFP marker (Airoldi
et al., 2011; McLean and Cooley, 2013), the differential response
of the anterior and posterior domains is clear and consistent.
Control immunostainings revealed no differences in levels of
lTop or activatedMAP kinase between anterior and posterior re-
gions (data not shown). These observations are consistent with
previous observations suggesting that anterior, but not poste-
rior, follicle cells are competent to adopt a dorsal anterior fate
in response to Grk/EGFR signaling (Neuman-Silberberg and
Schu¨pbach, 1993, 1996; Queenan et al., 1997). In contrast, pos-
terior follicle cells homozygous for F271 or F272 do adopt dorsal
anterior fates in response to ltop expression, exhibiting altered
Broad levels (Figures 3B, 3B0, 3C, and 3C0, arrows) and ectopic
mirr-lacZ expression (Figures 3B0 0 and 3C0 0, arrows). The two F27
alleles display a clear difference in the spatial extent of these cell
fate changes: F272 mutant cells throughout the posterior region
are able to downregulate Broad and upregulatemirr in response
to ltop expression (Figures 3C–3C0 0, arrows), whereas F271794 Cell Reports 4, 791–802, August 29, 2013 ª2013 The Authorsmutant cells in the most posterior region remain unable to ac-
quire a dorsal anterior fate (Figures 3B–3B0 0, arrowheads). These
results demonstrate that F27 regulates EGFR signaling outcome
in the posterior follicular epithelium and further highlight the
phenotypic difference between the two F27 alleles.
We also looked at another consequence of EGFR activation:
reduction of nuclear levels of the transcriptional repressor
Capicua (Cic), which ultimately allows the expression of EGFR
target genes (Atkey et al., 2006; Goff et al., 2001; Jime´nez
et al., 2000; Roch et al., 2002). In the dorsal anterior follicular
epithelium, EGFR activation downregulates Cic to allow the
localized expression of mirr and, consequently, the acquisition
of dorsal anterior fates (Andreu et al., 2012a; Astigarraga et al.,
2007; Atkey et al., 2006). Accordingly, loss of cic function leads
to ectopic dorsal anterior fates—in this case high-Broad fates
associated with loss of Cic (Atkey et al., 2006), rather than the
no-Broad fate induced by the high levels of EGFR signaling asso-
ciated with expression of ltop—but these ectopic fates are not
observed in the posterior region of the tissue, consistent with
the spatially restricted response to ltop described above (Atkey
et al., 2006; Queenan et al., 1997). Based on our model that F27
function blocks dorsal anterior fate induction by EGFR pathway
activation, we asked whether removal of F27 from cic mutant
cells would eliminate this spatial restriction. We first confirmed
that follicle cell clones expressing an RNAi construct targeting
cic expression (UAS-cic.RNAi) express ectopic high Broad in
the ventral anterior region, but do not change their fate in the
posterior region (Figures 3D and 3D0, arrow and arrowhead,
respectively). In contrast, expression of UAS- cic.RNAi in F271
mutant cells leads to high Broad expression up to a certain pos-
terior limit (data not shown), and expression in F272 mutant cells
leads to high Broad expression even in the most posterior region
of the tissue (Figures 3E and 3E0, arrows), consistent with the dif-
ferential response of F271 and F272 mutant epithelia to ectopic
Figure 3. The F27 Locus Regulates EGFR-
Mediated Induction of Dorsal Anterior Fate
MARCM clones positively marked with (GFP) and
expressing activated EGFR (ltop) or cicRNAi. High
and low levels of Broad and the expression ofmirr-
lacZ mark dorsal anterior fates.
(A–A0 0) Wild-type clones expressing UAS-ltop.
Ectopic dorsal anterior fates are found in the
anterior (arrow) but not the posterior (arrowheads)
domain.
(B–B0 0) Clones homozygous for F271 and ex-
pressing UAS-ltop. Ectopic dorsal anterior fates
are found more posteriorly than in wild-type
(arrows), but not in the most posterior region of the
tissue (arrowhead).
(C–C0 0) Clones homozygous for F272 expressing
UAS-ltop. Ectopic dorsal anterior fates are found
even in the most posterior cells (arrows).
(D and D0) Wild-type clones expressing cicRNAi.
Ectopic high Broad expression (arrow) is induced
in the ventral domain, but not in the posterior most
region (arrowhead).
(E and E0) Clones homozygous for F272 expressing
cicRNAi. Ectopic high Broad is found even in the
most posterior follicle cells (arrow).
See also Figure S2.EGFR activation (Figures 3B–3C0 0). We observed the same phe-
notypes when we removed Cic function using the cicfetU6 allele
(data not shown). These data demonstrate that F27 functions
downstream of Cic downregulation to inhibit the response of
the follicular epithelium to endogenous and ectopic EGFR
signaling.
Midline Is the Factor Affected within the F27 Locus
Using single nucleotide polymorphisms as molecular markers
(see Experimental Procedures), we mapped the phenotype of
the F272 allele to a 50Kb region containing a single candidate
gene:midline (mid) (Figure 4A). Mid is homologous to the human
Tbx20 transcription factor, which bears a T-box DNA binding
domain and is involved in multiple developmental processes
(Buescher et al., 2004; Gaziova and Bhat, 2009; Leal et al.,
2009; Liu et al., 2009; Miskolczi-McCallum et al., 2005; QianCell Reports 4, 791–802et al., 2005; Reim et al., 2005; Svendsen
et al., 2009) but has not been previously
reported to function during follicular
epithelium patterning. The F271 allele
bears a point mutation that generates a
premature termination codon at position
294 in the mid ORF, upstream of those
found in existing null alleles of mid (Fig-
ure 4B) (Buescher et al., 2004; Gaziova
and Bhat, 2009), suggesting that F271 is
also a null mid allele. Immunostainings
with Mid antisera (Liu et al., 2009) fail to
detect any Mid expression in F271 homo-
zygous clones (Figure S1). The F272 allele
bears no mutations that alter the coding
potential of themidORF, but Mid expres-sion is also undetectable in F272 mutant clones (Figure S1). Fol-
licle cell clones homozygous for the previously characterized
allelemidlos1 (Gaziova and Bhat, 2009) also exhibit ectopic dorsal
anterior fates (Figure S2), and ectopic expression ofmid rescues
the F27 mutant phenotype (data not shown), further confirming
that the relevant gene affected in F271 and F272 is mid.
Our observation that the altered response to EGFR activity dis-
plays distinct posterior limits in F271 and F272 mutant tissue (see
Figures 3B–B0 0 versus 3C–3C0 0) could imply that F272 is the stron-
ger allele, but the location of the premature termination codon in
the F271 allele, together with the previous characterization of
other mid alleles (Gaziova and Bhat, 2009), suggests that F271
should be a null allele. Among the possible explanations for
this discrepancy, we considered the possibility that the F272
lesion(s) also affect the mid paralog H15, which is located
approximately 50 kb upstream of the mid transcription start, August 29, 2013 ª2013 The Authors 795
Figure 4. The Tbox Transcription Factors Midline and H15 Are the
Proteins Affected by the F27 Mutations and Are Expressed in the
Posterior Follicular Epithelium
(A) Genomic map showing the 50 kb minimum interval containing the F27
locus, which lies between 2L:5,444,927 and 5,489,199 as defined by genetic
SNP mapping. This region contains only one candidate gene, mid; the mid
ortholog H15 lies adjacent to this defined interval.
(B) Location within theMid sequence of the premature termination codon in the
F271 allele, relative to known mid alleles.
(C–H0) Wild-type expression pattern of Mid, H15 and H15-LacZ in egg
chambers at stage 8 or 10B, as indicated. The dotted lines mark the
appendage primordia, which express high levels of Broad. The arrowheads
mark the anterior limit of the H15 (F0) and H15-LacZ (H0) expression domains.
Minor uniform linear adjustments to brightness and contrast were made to
panels C–D0 and G–H0 to emphasize the anterior limit of Mid and H15-LacZ
expression.
See also Figure S1.site (Figure 4A) and has been reported to play a semioverlapping
role with mid in other systems (Buescher et al., 2004; Gaziova
and Bhat, 2009; Leal et al., 2009; Miskolczi-McCallum et al.,
2005; Qian et al., 2005; Reim et al., 2005; Svendsen et al.,
2009). Consistent with this hypothesis, immunostaining revealed
that H15 protein is present in cells homozygous for F271 but
undetectable in cells homozygous for F272, suggesting that the
F272 chromosome is defective for expression of both Mid and
H15 (Figure S1). To ask whether this additional loss of H15796 Cell Reports 4, 791–802, August 29, 2013 ª2013 The Authorsexpression can account for the difference in phenotype of the
F272 allele, we looked at known null alleles of mid and H15:
mid1a5 and H15X4 (Svendsen et al., 2009). Follicular epithelia
doubly homozygous for these alleles exhibit more extensive
posterior expansion of both mirr expression and EGFR-medi-
ated induction of ectopic dorsal anterior fates, as observed
with the F272 allele (Figure S2).
Together, these results confirm that the affected gene at the
F27 locus is midline, and we therefore refer to the mid alleles
on the F271 and F272 chromosomes as midF27-1 and midF27-2,
respectively. We also conclude that the F272 chromosome is
additionally defective for H15 expression, either due to a regula-
tory mutation affecting both H15 and Mid or to an independent
lesion. Our results further show that differential loss of H15
expression defect can account for the phenotypic differences
between the F271 and F272 chromosomes.
Midline and H15 Are Expressed in the Posterior Region
of the Follicular Epithelium
Together, these phenotypic data suggest that Mid and H15
restrict the ability of posterior follicle cells to adopt a dorsal ante-
rior fate in response to Gurken/EGFR signaling, and thereby
establish the posterior limit of the dorsal anterior domain.
Consistent with such a function, immunostaining of wild-type
egg chambers reveals that Mid expression is restricted to the
posterior follicular epithelium by stage 8 and that this localization
persists until later stages of oogenesis (Figures 4C–4D0; data not
shown) and that the most anterior Mid expression limit corre-
sponds to the posterior limit of the Broad expression pattern
at stage 10B (Figures 4D and 4D0). H15 expression is also
restricted to the posterior follicular epithelium (Figures 4E–4H0),
exhibiting an expression pattern that is similar to Mid around
stage 8 but is more posterior than Mid by stage 10B; unlike
Mid, the anterior expression limit of H15 never reaches the pos-
terior limit of the appendage primordia domain (Figures 4F, 4F0,
4H, and 4H0).
The observation that the Mid expression pattern only partially
overlaps that of H15 is consistent with the different phenotypes
of mid and H15 mid mutant epithelia. In mid mutant epithelia,
cells in the posterior region of the tissue are competent to
acquire a dorsal anterior fate, but this competence does not
extend to the posterior-most cells (see, for example, Figures
3B–3B0 0), presumably due to the presence of H15. Consistent
with this interpretation, in H15 mid mutant epithelia, all follicle
cells are competent to respond to EGFR signaling (see, for
example, Figures 3C–C0 0 and 3E–E0). These phenotypic
differences thus provide functional validation of the differences
in the Mid and H15 expression patterns.
Mid and H15 Are Sufficient to Repress Endogenous
Dorsal Anterior Fates
To further test our hypothesis, we also asked whether ectopic
expression of Mid and H15 represses endogenous dorsal ante-
rior fates. Wild-type dorsal anterior clones ectopically express-
ing mid (Figures 5A–5A0 0) exhibit basal Broad levels in both the
appendage primordia and dorsal midline domains (Figure 5A0,
arrow and arrowheads, respectively) and lack ofmirr expression
(Figure 5A0 0, arrow), and females expressing ectopic Mid
Figure 5. Expression of Midline or H15 Is Sufficient to Repress Endogenous Dorsal Anterior Fates
The MARCM system was used to generate positively marked clones (GFP) expressing UAS-mid or UAS-H15.
(A–A0 0) Wild-type clones expressing UAS-mid (A) show loss of endogenous dorsal anterior fates indicated by the loss of high-Broad and no-Broad domains (A0,
arrow and arrowhead, respectively) and mirr expression (A0 0, arrow).
(B) Wild-type females expressing UAS-mid throughout the follicular epithelium with the T155-Gal4 driver produce eggshells without dorsal appendages.
(C–D) Egg chambers bearing follicle cell clones expressing UAS-H15 (C) show loss of endogenous dorsal anterior fates (C0) and produce eggs with no dorsal
appendages (D).throughout the follicular epithelium produce eggs with no dorsal
appendages (Figure 5B). Similarly, ectopic expression of H15 in
dorsal anterior cells abolishes endogenous dorsal anterior fates
(Figures 5C and 5C0) and leads to production of eggs with no
dorsal appendages (Figure 5D). These data support a model in
which posterior expression of Mid or H15 establishes the poste-
rior limit of the dorsal anterior domain by rendering follicle cells
insensitive to Grk/EGFR-mediated induction of dorsal anterior
fates.
Posterior Expression of Mid and H15 Is Induced by
Localized EGFR Signaling in Early Oogenesis
Together, these data implicate Mid and H15 as localized factors
that participate in follicle cell patterning by modifying the
outcome of Grk/EGFR signaling but do not identify the spatial
cue that generates the posteriorly restricted pattern of Mid
and H15 expression. We considered Grk itself as a candidate,
because during early oogenesis the oocyte is small and Grk
produced by the oocyte impacts only the posterior follicle cells,
inducing them to acquire posterior fates (Gonza´lez-Reyes et al.,
1995; Gonza´lez-Reyes and St Johnston, 1994, 1998; Neuman-
Silberberg and Schu¨pbach, 1993, 1996; Peri and Roth, 2000;
Queenan et al., 1997; Sapir et al., 1998). Moreover, previous
studies had shown that elimination of this early Grk signal could
render cells competent to adopt a dorsal anterior fate in
response to EGFR activity in later stages (Gonza´lez-Reyes
et al., 1995; Gonza´lez-Reyes and St Johnston, 1994, 1998;
Neuman-Silberberg and Schu¨pbach, 1993, 1996; Peri and
Roth, 2000; Queenan et al., 1997; Sapir et al., 1998). We there-
fore hypothesized that localized induction of Mid and H15 might
represent the molecular basis of this effect. To test this idea, we
removed early EGFR signaling by making negatively marked
follicle cell clones homozygous for the strong loss of function
allele egfrCO (Figures 6A, 6A0, 6B, and 6B0). We found thatneither Mid or H15 are expressed in the absence of EGFR (Fig-
ures 6A0 and 6B0).
These data indicate that early Grk/EGFR signaling is
required for Mid and H15 expression in the overlying follicle
cells and suggest that the localization of this signaling event
to the posterior of the tissue can account for the spatially
restricted expression of Mid and H15. However, it is not clear
whether Grk/EGFR signaling is sufficient to induce Mid and
H15, especially because dorsal anterior follicle cells are
exposed to Grk during midoogenesis yet do not express Mid
and H15. To approach this question, we generated positively
marked clones expressing ltop and asked whether this
ectopic EGFR activity can induce ectopic expression of Mid
and influence follicle cell fate (Figures 6C–6D0 0 0). In these ex-
periments, we generated clones at various stages of early
oogenesis and then assessed cell fate and Mid expression
when the egg chambers bearing these clones had reached
stage 10B. When we looked at anterior clones that had been
induced 5 days previously (5 days after heat shock [dah]),
when the egg chambers were in the earliest stages of oogen-
esis, we found that ectopic EGFR activity was unable to
induce expression of Mid (Figures 6C, 6C0 0, and 6C0 0 0). This
observation is consistent with the absence of Mid and H15
induction by endogenous Grk/EGFR signaling in this region,
suggesting that cells in this region are not competent to
induce Mid in response to EGFR activity. However, when we
looked at clones generated 9 days previously, presumably
before the follicular epithelia that surround individual egg
chambers have been formed from the follicle cell precursors,
we found that anterior cells do exhibit ectopic expression of
Mid (Figures 6D, 6D0 0, and 6D0 0 0). All follicle cells are therefore
initially competent to express Mid in response to EGFR activa-
tion, but anterior cells lose this ability sometime in early
oogenesis. Importantly, although the reason for this differenceCell Reports 4, 791–802, August 29, 2013 ª2013 The Authors 797
Figure 6. Midline and H15 Are Induced in
Early Oogenesis by EGFR Signaling at the
Posterior and Define the Posterior Limit of
the Dorsal Anterior Domain
(A–B0 ) Clones of egfrCO mutant cells, negatively
marked with GFP (A and B), do not show early Mid
or H15 expression (A0 and B0, respectively; clones
are flanked by arrowheads).
(C–C0 0 0) Stage 10B egg chamber bearing amultiple
clones marked with GFP (C) and expressing UAS-
ltop; this egg chamber was isolated 5 days after
heat-shock induction of clone formation (dah) and
exhibits variable GFP levels characteristic of this
time point. Ectopic Mid is not expressed (C0 0, C0 0 0 ),
and dorsal anterior fates are induced in the ante-
rior region (C0).
(D–D0 0 0) Stage 10B egg chamber bearing a ventral
clone marked with GFP (D) and expressing UAS-
ltop; this egg chamber was isolated 9 dah.
Ectopic dorsal anterior fates are not observed (D0)
and ectopic Mid is expressed (D0 0, D0 0 0).
(E–F0) Clones homozygous for styD5, negatively
marked with either NM (E) or GFP (F). Expression
of Mid and H15-LacZ extends more anterior than
in wild-type tissue (E0 and F0; compare arrow
versus arrowhead).
(G–I) Expression of Broad at stage 10B inwild-type
(G) or in egg chambers bearing complete follicle
clones homozygous for styD5 (H) or both midF27-2
and styD5 (I).
(J–J0 0) midF27-1; styD5 double-mutant clone,
revealing rescue of the AP shortening of Broad
along the AP axis (J0 0) but absence of dorsal
anterior fates from the posterior region. Minor
uniform linear adjustments to brightness and
contrast were made to (A)–(D0 0 0 ) to emphasize the
lack of detectable Mid.is not clear (see Discussion), analysis of cell fates shows that
cells in which lTop is unable to induce ectopic Mid adopt an
ectopic dorsal anterior fate, whereas cells in which ectopic
Mid is induced fail to adopt a dorsal anterior fate. This strict
inverse correlation between Mid expression and dorsal anterior
fate provides further evidence that expression of Mid interferes
with EGFR-mediated dorsal anterior fate determination.
Consistent with this interpretation, negatively marked clones
lacking function of the EGFR-negative regulator sprouty (sty)
exhibit a cell-autonomous anterior expansion of Mid and H15.
This anterior expansion is detectable at the onset of their ex-
pression (data not shown) and persists until later stages (Figures
6E–6F0) and is consistent with the shortening of the dorsal ante-
rior domain along the AP axis observed in stymutant tissue (Fig-
ures 6G and 6H) (Boisclair Lachance et al., 2009; Zartman et al.,798 Cell Reports 4, 791–802, August 29, 2013 ª2013 The Authors2009). Our data suggest that this short-
ening of the dorsal anterior domain is a
result of the anterior expansion of Mid/
H15 expression, which, in turn, prevents
much of the dorsal anterior follicular
epithelium from responding at later
stages to endogenous dorsal anterior
Grk/EGFR signaling. Consistent with thisinterpretation, removal of Mid (midF27-1) or Mid and H15
(midF27-2) from styD5 clones eliminates the AP shortening of the
dorsal anterior domain (Figures 6I and 6J0 0 versus 6H), demon-
strating that the Mid expansion is required to produce the sty
phenotype. Instead, the domain is markedly expanded, as pre-
dicted for the removal of an EGFR-negative regulator. Moreover,
the posterior expansion of ectopic dorsal anterior fates is more
pronounced in midF27-2;styD5 double-mutant tissue than in the
midF27-1;styD5 double-mutant tissue (compare Figures 6I versus
6J0 0), presumably because the latter still express H15 in the pos-
terior-most region of the tissue. This pattern thus appears to
reflect the response of the follicular epithelium to the endoge-
nous Grk in the underlying oocyte in the absence of an EGFR-
negative regulator and confirms the spatial distinction between
Mid and H15 function.
Figure 7. Model: Mid and H15 Establish the Posterior Limit of the
Dorsal Anterior Domain by Altering EGFR-Mediated Specification of
Dorsal Anterior Fates
(A) Lateral cross-section diagrams (dorsal side at the top) of Mid and H15
expression. Mid and H15 (blue) are induced by Grk (gray) in the posterior
follicular epithelium by stage 6 of oogenesis and this expression persists
through later stages. By stage 10A, expression of H15 (dark blue) is more
posteriorly restricted than that of Mid (light blue).
(B) Dorsal view of thewild-type expression pattern ofMid andH15 at stage 10A
(top); the anterior limit of Mid expression corresponds to the posterior limit of
the dorsal anterior domain, which is best visualized through Broad expression
(red) at stage 10B (top right). The posterior follicular epithelium is unable to
acquire dorsal anterior fates in response to either the endogenousGrk gradient
or ectopic EGFR activation expression (circles). Inmidmutants (B, middle), the
absence of Mid expression allows posterior cells to acquire dorsal anterior
fates (red and white, indicating high Broad and no-Broad, respectively) in
response to either endogenous or ectopic EGFR activation; these ectopic
fates do not reach the most posterior part of the tissue due to the presence of
H15. In the absence of Mid and H15 (B, bottom), the dorsal anterior fates can
be specified in even the most posterior cells.DISCUSSION
Collectively, these data show that EGFR activation in posterior
follicle cells in early oogenesis induces expression of Mid and
H15, which, in turn, fundamentally alters the ability of these cellsto respond to graded dorsal anterior EGFR activation in later
stages (Figure 7A). In the absence of Mid, or Mid and H15, this
restriction is relieved and posterior cells remain competent to
adopt dorsal anterior fates despite exposure to early Grk/
EGFR signaling (Figure 7B). In the wild-type context, this mech-
anism affects the follicle cell response to the posterior portion of
the Grk gradient, blocking the determination of dorsal anterior
fate and thus explaining the observed posterior limit of the dorsal
anterior domain (Figure 7B). Localized posterior EGFR activity in
early stages thus establishes a prepattern that regulates differ-
entiation in response to the later dorsal anterior gradient of
EGFR signaling in midoogenesis and is critical to the proper
patterning of the tissue.
Although it is clear that EGFR signaling is required in early
oogenesis to induce posterior expression of Mid and H15, the
patterning of Mid and H15 expression may require other factors
in addition to posterior Grk/EGFR activity. Our analysis of the
ability of ectopic EGFR activity to induce Mid suggests that all
cells are initially competent but that cells in the anterior region
become unable to express Mid in early oogenesis. This differ-
ence could reflect a spatial difference between anterior and pos-
terior follicle cells, or a temporal difference between early and
late stages. These possibilities are not mutually exclusive,
because a factor that starts to regulate the cellular response at
a certain developmental stage could also be spatially localized.
In principle, the inability of posterior follicle cells to adopt a
dorsal anterior fate in response to Grk/EGFR signaling could
reflect a requirement for a cooperating anterior factor that ren-
ders cells in the anterior region competent to respond. One
candidate for such a factor is the transforming growth factor b
family member Decapentaplegic (Dpp), which is produced by
the anteriormost follicle cells and has been previously implicated
in dorsal anterior follicle cell fate determination (Peri and Roth,
2000; Shravage et al., 2007). Indeed, loss of early Grk function
can lead to ectopic posterior production of Dpp (Peri and Roth,
2000). However, although Dpp signaling does establish the ante-
rior aspect of the dorsal anterior pattern (Chen and Schu¨pbach,
2006; Deng and Bownes, 1997; Shravage et al., 2007; Yakoby
et al., 2008), it does not appear to be required for appendage
or midline fates (Yakoby et al., 2008) (J.-F.B.L., unpublished
data), suggesting that the inability of the posterior follicle cells
to adopt these fates is not due to the lack of Dpp in this region.
Our data show that the presence of the negative factors Mid
and H15 is sufficient to distinguish posterior from anterior follicle
cells and renders them refractory to EGFR-mediated dorsal
anterior fate induction.
The effect of Mid and H15 expression on the cellular response
to Grk/EGFR signaling appears to be specific to dorsal anterior
fate determination. For example, expression of ltop throughout
the follicular epithelium leads to uniform dorsalization of the re-
sulting embryo along its entire AP axis (Queenan et al., 1997),
implying that ectopic EGFR signaling represses the EGFR target
gene pipe, which is required for embryonic DV polarity establish-
ment (Sen et al., 1998; Technau et al., 2012), even in the posterior
region where Mid and H15 are expressed. Expression of ltop
can also downregulate nuclear Cic levels (data not shown) and
induce expression of the EGFR target gene kekkon (Queenan
et al., 1997) in posterior as well as anterior follicle cells. MidCell Reports 4, 791–802, August 29, 2013 ª2013 The Authors 799
and H15 therefore appear to act specifically to regulate induction
of dorsal anterior fate. These observations, together with our
observation that ectopic EGFR activity can activate MAP kinase
even in posterior follicle cells (data not shown), suggest that Mid
and H15 impact EGFR signaling outcomes further downstream
in the pathway, possibly at the level of target gene expression.
A likely EGFR target impacted byMid and H15, directly or indi-
rectly, is mirr, which is a critical determinant of dorsal anterior
fate. Expression of mirr in anterior follicle cells is necessary for
dorsal anterior fate determination (Jordan et al., 2000; Boisclair
Lachance et al., 2009; Zhao et al., 2000), and ectopic expression
ofmirr in posterior follicle cells is sufficient to induce high Broad
expression (Atkey et al., 2006). We propose that Mid and H15
block the ability of EGFR signaling to induce in posterior follicle
cells levels ofmirr expression sufficient to induce dorsal anterior
fate, thus establishing the posterior limit of the dorsal anterior
domain. This model can also explain previous observations
that loss of cic function leads to ectopic appendage primordia
fate and ectopicmirr expression in anterior but not posterior fol-
licle cells (Andreu et al., 2012b; Atkey et al., 2006), because this
differential effect is dependent on the presence of Mid and H15.
T-box transcription factors are known to regulate develop-
mental decisions in a variety of contexts. The vertebrate homo-
log of Mid/H15, Tbx20, plays an important role in cell fate
specification and morphogenesis during cardiac development
(Singh et al., 2005; Stennard et al., 2005) and TBX20 mutations
have been associated with cardiac pathologies in humans (Kirk
et al., 2007). In Drosophila, where eight T-box family members
have been identified, Mid and H15 are also required for correct
specification of cardiac progenitors (Qian et al., 2005, 2008)
and have been implicated in other cell fate decisions during
the development of a wide range of tissues, including patterning
of the embryonic epidermis (Buescher et al., 2004), establish-
ment of neuronal identity (Gaziova and Bhat, 2009; Leal et al.,
2009), axon pathfinding during embryonic CNS development
(Liu et al., 2009), and patterning of the dorsal-ventral axis of
the leg imaginal disc (Svendsen et al., 2009). In those tissues,
different signaling pathways regulate Mid and H15 expression
or are modulated by their function, but no interaction between
the EGFR pathway and Mid or H15, or any other T-box family
member, has been found. Our work thus uncovers a role for
these transcription factors in modulating EGFR signaling output,
and investigation of their potential role in other tissues where
EGFR signaling is involved will determine whether they work as
general regulators of EGFR output.
Like Mid and H15, factors defining specific cellular contexts
that regulate signaling output are often transcriptional regulators.
For example, in the developing vertebrate CNS, localized
expression or absence of the competence factors Irx2 and Irx3
determines the outcome of FGF and Shh signaling, respectively
(Kiecker and Lumsden, 2004; Matsumoto et al., 2004). In zebra-
fish, maternally provided Eomesodermin, another T-box tran-
scription factor, allows cells to adopt an endoderm fate in
response to Nodal signaling (Bjornson et al., 2005). In the
Drosophila embryo, the transcriptional output of the Bicoid
gradient is determined by antagonistic interactions with localized
transcriptional repressors (Chen et al., 2012; Lo¨hr et al., 2009).
Spatial information defining the localized expression of these800 Cell Reports 4, 791–802, August 29, 2013 ª2013 The Authorsfactors is provided by upstream positional cues, linking early
developmental events to later ones. The function of Mid and
H15 in regulating the response to Grk/EGFR signaling in the
follicular epithelium adds an interesting aspect to this type of
scenario, because the positional information that regulates their
localized expression is EGFR signaling itself. This negative feed-
back allows a single signaling input to generate multiple distinct
outputs that are closely localized in space and time to induce a
complex pattern of fates.
EXPERIMENTAL PROCEDURES
Drosophila Strains
The midF27-1 allele was isolated in a genetic screen for eggshell patterning
defects produced by mosaic females bearing P{neoFRT}40A chromosomes
that had been mutagenized with ethylmethanesulfonate (L.A.N., unpublished
data). The midF27-2 allele was identified through noncomplementation as a
spontaneous mutation on the al dp P{NM}31E P{neoFRT}40A chromosome
used for initial meiotic mapping. Mosaic females were generated as described
(Laplante and Nilson, 2011) using standard FRT sites and genotypic markers
obtained from the Bloomington Drosophila Stock Center. See the Extended
Experimental Procedures for genotypes of other strains used.
Mosaic Analysis
Negatively marked loss-of-function clones were generated as described
previously (Laplante and Nilson, 2006) through induction of mitotic recombina-
tion between a wild-type or mutant chromosome bearing P{neoFRT}40A and
a marker chromosome bearing either P{w[+mC] = NM}31E P{neoFRT}40A or
P{Ubi-GFP(S65T)nls}2L P{neoFRT}40A. Positively marked MARCM clones
were generated by crossing P{UAS-mCD8::GFP.L}LL4, P{hsFLP}22; P{tubP-
GAL80}LL10 P{neoFRT}40A/CyO; P{tubP-GAL4}LL7/TM6B flies to a
P{neoFRT}40A-bearing strain containing the UAS-ltop, UAS-cic.RNAi, UAS-
mid, or UAS-H15 transgenes; recombination was induced as described
(Laplante and Nilson, 2011) and female progenywere dissected 7–9 days later.
Double-mutant clones, homozygous for both midF27-1 or midF27-2 and also
homozygous for styD5 or sty226, were generated as described (Laplante and
Nilson, 2006) in y w P{hsFLP}; mid P{neoFRT}40A/P{Ubi-GFP(S65T)nls}2L
P{neoFRT}40A; sty P{neoFRT}80B/P{w[+mC] = NM}67B P{neoFRT}80B
females; an analogous genotype was used to generate clones homozygous
for both mid and ras mutant alleles.
Mapping and Identification of the F27 Locus
The gene affected by the F271 and F272 alleles was identified by using SNPs,
as described previously (Berger et al., 2001; Hoskins et al., 2001; Laplante and
Nilson, 2006; Martin et al., 2001) to map a set of 600 recombinant chromo-
somes generated through meiotic recombination between the al dp F272 P
{w[+mC] = NM}31E P{neoFRT}40A and P{neoFRT}40A chromosomes. SNPs
resulting in restriction fragment length polymorphisms were identified by
PCR of the two parental chromosomes using primers reported in the
FlySNPdb database (http://flysnp.imp.ac.at), and polymorphic loci in the re-
combinants were genotyped using a robotics platform at the McGill Cell Imag-
ing and Analysis Network (CIAN).
Generation of Mid Antiserum
The Mid N terminus (aa 1–78) was amplified by PCR from the cDNA IP04777
template (Drosophila Genome Resources Center), cloned in frame into the
pGEX2T-His6 vector, and then transformed into BL21 E. coli cells. The result-
ing recombinant protein was purified by selection for the 6xHis tag and used to
immunize guinea pigs (Pocono Rabbit Farm and Laboratory).
Immunohistochemistry
Dissection and immunostaining were carried out as described previously (Lap-
lante and Nilson, 2006) (see also Extended Experimental Procedures). Anti-
bodies used were rabbit anti-Ed (1:1,000) (Laplante and Nilson, 2011), rabbit
anti-Mid (1:1,000) (Liu et al., 2009), guinea pig anti-Mid (1:100) (this study),
rabbit anti-H15 (1:2,000) (Leal et al., 2009), mouse anti-BR-C core hybridoma
supernatant 25E9.D7 (1:200, Developmental Studies Hybridoma Bank), rabbit
anti-c-Myc supernatant sc-789 (1:200, Santa Cruz Biotechnology). All second-
ary antibodies (Invitrogen) were highly cross-adsorbed Alexa-Fluor-conju-
gated anti-immunoglobulin (Ig) G, preblocked against fixed embryos.
Microscopy and Image Analysis
Images were acquired using a Zeiss Axioplan 2 wide-field fluorescence micro-
scope or a Zeiss LSM 510 confocal microscope (McGill CIAN). Minor uniform
linear adjustments were made to the brightness and contrast in Figures 2A0 0,
2A0 0 0, 2B0 0, 2B0 0 0, 2C0 0, and 2C0 0 0, 4C–4D0 and 4G–4H0, 6A–6D0 0 0, and S2A0 0,
S2A0 0 0, S2B0 0, S2B0 0 0, S2C0 0, and S2C0 0 0) to emphasize spatial limits of expres-
sion domains where appropriate; see figure legends for details.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures and
two figures and can be found with this article online at http://dx.doi.org/10.
1016/j.celrep.2013.07.038.
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